2 High-pressure synthesis can yield unique compounds with advanced properties, but usually they are either unrecoverable at ambient conditions or produced in quantity insufficient for properties characterization 1-4 . Here we report the synthesis of metallic, ultraincompressible (bulk modulus K0 = 428(10) GPa), and very hard (nanoindentation hardness 36.7(8) GPa) rhenium (V) nitride pernitride Re2(N2)N2. First it was obtained through a direct reaction between rhenium and nitrogen at 40 to 90 GPa in a laser-heated diamond anvil cell. The synthesis was scaled up through a reaction between rhenium and ammonium azide in a large-volume press at 33 GPa. Although metallic bonding is typically seen incompatible with intrinsic hardness, Re2(N2)N2 turned to be at a threshold for superhard materials. Our work demonstrates a feasibility of surmounting conceptions common in material sciences.
reaction to be realized in a large volume press (LVP) instead of a LHDAC, is an important challenge for high-pressure chemistry and materials sciences. In this study, focusing on the high-pressure synthesis of novel nitrogen-rich phases in the Re-N system and the development of new synthetic strategies, we resolved this problem for a previously unknown rhenium nitride ReN2 with unusual crystal chemistry and unique properties.
Direct reactions between rhenium and nitrogen were studied by Friedrich et al. 23 , who synthesized two interstitial rhenium nitrides Re3N at 13 GPa and 1700 K, and Re2N at 20 GPa and 2000 K. Both compounds have exceptionally large bulk moduli exceeding 400 GPa (as measured upon compression in a non-hydrostatic medium 23 ), but only moderate shear moduli as expected for interstitial compounds 24 . Kawamura et al. 25 reported synthesis of ReN2 with
MoS2 structure type (m-ReN2) in a metathesis reaction between Li3N and ReCl5 at 7.7 GPa.
Subsequently, Wang et al. 26 suggested, based on the first-principle calculations, that m-ReN2 is unstable and 'real stoichiometric' ReN2 should have monoclinic C2/m symmetry and transform to the tetragonal P4/mbm phase above 130 GPa. However, this suggestion has not been proven
experimentally as yet. Recently Bykov et al. reported a novel inclusion polynitrogen compound
ReN8·xN2 synthesized from elements at 106 GPa 27 , but the region of ~35-100 GPa still remains completely unexplored for the Re-N system.
To fill this gap in pressure and temperature space, we have studied chemical reactions between Re and nitrogen and other reagents, such as sodium azide NaN3 and ammonium azide NH4N3, in LHDACs in a range of 26 -87 GPa at temperatures of 2000 -2500 K (Table 1, Experiments #1 through #6). The reactions products typically contained numerous singlecrystalline grains of several rhenium nitride phases (Table 1) , which were identified using synchrotron single-crystal X-ray diffraction (Supplementary Figure 1, Supplementary A direct reaction between Re and N2 (Table 1 ) resulted in the synthesis of three rhenium nitrides ReN2, Re2N, and ReN0.6, two of which (ReN2 and ReN0.6) have never been observed before. The third phase identified in these experiments, Re2N (P63/mmc), has previously been reported 23 . After a stepwise decompression of the sample obtained in Experiment #1 down to the ambient pressure, all of the three phases (ReN2, ReN0.6, Re2N) were found to remain intact even after one month (Supplementary Figure 4) . Crystal structure analysis of ReN0.6 showed that it has a defect WC structure type (space group P6m2) (for details on ReN0.6 see Supplementary Information; Supplementary Figures 2, 3, Supplementary Table 2) .
Analysis of the crystal structure of ReN2 revealed its unusual crystal-chemistry. Figure   1 shows the crystal structure of ReN2, which is built of distorted ReN7 capped trigonal prisms ( Figure 1d ) and contains both N-N units (dumbbells) (Figure 1f ) and discrete N atoms (N2) (Figure 1e ) in an atomic ratio 1:1. The N1-N1 dumbbells are located in a trigonal antiprism formed by Re atoms (Figure 1f ), while discrete N2 atoms have a tetrahedral coordination by Re (Figure 1e ). The N1-N1 bond length (dN1-N1 = 1.412(16) Å at ambient conditions) suggests that the N2 unit should be considered as a pernitride anion N2 4- . Therefore, ReN2 is a rhenium nitride pernitride and its crystal-chemical formula is Re The compressibility of ReN2 was measured on the sample #2 (Table 1) , which was synthesized at 49 GPa, then decompressed down to ambient conditions, and re-loaded into another DAC with a neon pressure-transmitting medium, which provides much better hydrostaticity of the sample environment than nitrogen 28 . The sample was first characterized using single-crystal XRD at ambient conditions. On compression, the lattice parameters were extracted from the powder XRD data ( 22 , who showed that the bulk moduli of dinitrides MN2 increase with the increase of the oxidation state of metal atoms from +II to +IV.
More detail characterization of physical properties of ReN2, such as hardness, electrical conductivity etc. require a sample to be at least a few tens of microns in size that is much larger than can be synthesized in a LHDAC. The large volume press technique enables the synthesis of such a sample, but precludes from using N2 as a reagent. First, the amount of nitrogen, which can be sealed in a capsule along with Re, is insufficient for the desired reaction yield; second, unavoidable deformation of the capsule upon compression may potentially lead to the loss of nitrogen. Therefore, a solid source of nitrogen had to be found and we tested sodium and ammonium azides, NaN3 and NH4N3, as potential precursors in LHDACs (Experiments #5, #6, Table 1 ) (for a discussion regarding the choice of the solid reagents see Supplementary   Information ). The experiment with NaN3 (Experiment #5) did not result in the synthesis of ReN2. The major product of the reaction was NaReN2 (Supplementary Figure 7) , whose lattice parameters turned out to be very close to those reported for m-ReN2 by Kawamura et al. 25 , that might suggest that the material described in Ref. 25 To confirm the experimentally observed peculiarities of ReN2 and to gain deeper insights into the mechanical and electronic properties of this compound, we performed theoretical calculations based on the density functional theory. First, we considered the crystal structure of ReN2. We carried out the full structure optimization for the compound at ambient pressure and found that calculations and experiment are in very close agreement (Supplementary Table 3 ). Calculated elastic constants for ReN2 (Table 2) 
Methods

Synthesis of Re-N phases in laser-heated diamond anvil cells
In all synthesis experiments a rhenium powder (Sigma Aldrich, 99.995 %) was loaded into the sample chamber of a BX90 diamond anvil cell (Boehler-Almax anvils, 250-μm size).
In four experiments the chamber was filled with nitrogen at 1.5 kbar that served as a pressuretransmitting medium and as a reagent. In two experiments, the chamber was filled either with ammonium azide NH4N3 or with sodium azide NaN3. Pressure was determined using the equation of state of rhenium [38] [39] [40] . The compressed sample was heated using the double-sided laser-heating system installed at the Bayerisches Geoinstitut (BGI), University of Bayreuth, Germany. Successful syntheses were performed at 40, 42, 49, 71 and 86 GPa at temperatures of 2200-2500 K (Table 1) .
Synthesis of Re-N phases in the large-volume press
High-pressure synthesis was performed using a Kawai-type multi-anvil apparatus IRIS15, installed at the BGI 41 . The NH4N3 sample (0.5 mm thickness, 0.8 mm in diameter) was sandwiched between two layers of Re powder (0.1 mm thick, 0.8 mm in diameter) and between two tubes of dense alumina in a Re capsule, which also acted as a heater. The capsule was placed in a 5 wt% Cr2O3-doped MgO octahedron with a 5.7 mm edge that was used as the pressure medium. The assembly scheme is given in the Supplementary Figure 11 . Eight tungsten carbide cubes with 1.5 mm truncation edge lengths were used to generate high pressures. The assembly was pressurized at ambient temperature to 33 GPa, following the calibration given by Ishii et al. 41 and then heated to ~2273(100) K within 5 minutes and immediately quenched after the target temperature was reached. The assembly was then decompressed during 16 hours.
Synthesis of NH4N3
Ammonium azide, NH4N3 was obtained by the metathesis reaction between NH4NO3 (2.666 g, 33mmol, Sigma-Aldrich, 99.0%) and NaN3 (2.165 g, 33 mmol, Acros Organics, Geel, Belgium, 99%) in a Schlenk tube. By heating from room temperature to 170ºC in a glass oven and annealing for 7.5 h at 170ºC and then for 12h at 185ºC, NH4N3 precipitated at the cold end of the tube separated from NaNO3, which remained at the hot end during the reaction 42 .
Compressibility measurements
For the compressibility measurements the sample synthesized at 49 GPa and 2200 K (Experiment #2) was quenched down to ambient pressure and re-loaded into another diamond anvil cell. The sample chamber was then filled with Ne that served as a pressure-transmitting medium. A powder of gold (Sigma Aldrich, 99.99 %) was placed into the sample chamber along with the sample and used as a pressure standard 43 . The sample was then compressed up to ~45 GPa in 13 steps. At each pressure point we have collected powder X-ray diffraction data.
Synchrotron X-ray diffraction
High-pressure single-crystal and powder synchrotron X-ray diffraction studies of the reaction products were performed at the beamlines P02.2 (DESY, Hamburg, Germany) 44 Powder diffraction measurements were performed either without sample rotation (still images) or upon continuous rotation in the range ±20°ω. The images were integrated to powder patterns with Dioptas software 45 . Le-Bail fits of the diffraction patterns were performed with the TOPAS6 software.
In-house X-ray diffraction
Ambient-pressure single-crystal XRD datasets were collected with a high-brilliance Rigaku diffractometer (Ag Kα radiation) equipped with Osmic focusing X-ray optics and
Bruker Apex CCD detector in the BGI.
Structure solution and refinement
The structure was solved with the ShelXT structure solution program 46 superimposed on the loading signal allowed continuously measuring the contact stiffness. The acquired data were evaluated using the Oliver-Pharr method 49, 50 . To this purpose, the diamond punch geometry was calibrated from 1000 nm deep references measurements in fused silica and the machine frame stiffness value was refined so as to obtain a constant ratio between stiffness squared and load during indentation of the samples. The conversion of the reduced moduli to a uniaxial Young's moduli was performed assuming a Poisson's ratios of 0.24 and 0.29, respectively for ReN2 and Re 51 .
Temperature-dependent resistance measurements
The resistance of the sample was measured by four-probe method passing a constant DC 90mA current through the sample and measuring both current and voltage drop across the sample. Temperature was measured using the S-type thermocouple.
Theoretical calculations
The ab initio electronic structure calculations of ReN2 (12 atoms), ReN (2 atoms) and ReNx (2×3×2 supercell) were performed using the all electron projector-augmented-wave (PAW) method 52 as implemented in the VASP code [53] [54] [55] Table 2 ). Furthermore, the density of WC-ReN phase with ideal 1:1 stoichiometry from theoretical calculations is in a good agreement with the N-content -density trend of the Re-N system (Supplementary Figure 2a) . However, the experimental density, calculated with the assumption of 1:1 composition, is clearly higher than expected (Supplementary Figure 2a) . In order to estimate the nitrogen content, we have calculated the unit cell volumes of ReNx with x varying from 0.58 to 1 (Supplementary Table 2 We could not reliably detect ReN0.6 phase in the experiment #2, which was used for the measurement of the equation of state. We would like to note here that the volume change of ReN0.6 between 0 and 42 GPa from the available single-crystal data is only -9.75%, which makes it a very incompressible compound as well. Several theoretical works were devoted to the ReN compound and it was predicted that the most stable structure of ReN is NiAs like structure. 1, 2 We believe that the role of vacancies in the stabilization of ReNx (x ≤ 1) phases must be taken into account in further theoretical calculations. Supplementary Figure 6 . Powder diffraction pattern of the sample #4 at 86 GPa (λ = 0.41 Å).
Choice of solid nitrogen precursors
The reaction between Re and NaN3 resulted in the main product, which has hexagonal symmetry P63/mmc (a = 2.7715, c = 11.2191 Å). The structure solution and refinement revealed its chemical formula as NaReN2. The structure is based on layered MoS2-type structure with sodium atoms intercalated between ReN2 layers (Supplementary Figure 7) . Na occupies the crystallographic site 2a (0, 0, 0), Re -2c (1/3, 2/3, 1/4), N -4f (1/3, 2/3, 0.6405). It should be noted that the lattice parameters of this phase are very close to those of the ReN2 phase, that was synthesized by Kawamura et al., 9 with a difference that the lattice parameter c of NaReN2 is larger. If we consider the reaction, reported by Kawamura et al.:
we can notice two important problems: The equation is not balanced (and cannot be balanced, even if we consider the release of free nitrogen on the right side of the equation) and rhenium is the only element that has changed its oxidation state. We suggest that the real product of the reaction (1) is LiReN2. This explains both issues mentioned above, and is in agreement with shorter c-axis than in NaReN2 due to the smaller cation radius of lithium compared to sodium.
Supplementary Figure 7.
The crystal structure of NaReN2 from the synthesis #5 at ~40 GPa. Yellow balls -Na atoms. Blue polyhedra -ReN6 trigonal prisms. Re occupies the site 2c (1/3, 2/3, ¼), N -4f (1/3, 2/3, 0.64217), Na -2a (0 0 0).
Sodium azide appeared to be not a suitable source of nitrogen for high-pressure nitridation reaction, but opens a route to ternary nitrides with intercalated alkali metals, which in turn may be important for the development of high-performance electrode materials. 10 The experiment in LHDAC with NH4N3 as a source of nitrogen (Experiment #6, reported a novel synthetic route to rhenium nitride Re3N: 13, 15 3NaReO4 +3BN → Re3N + 3O2 + 3NaBO2 + 3N2 (2) Although, the HPSSM method resulted in a number of exciting discoveries, it has a few disadvantages. In case of a simple metathesis reaction, where the oxidation state of elements is not changed it will not be possible to obtain compounds with N-N units. 16, 17 This is a much cleaner method than a metathesis reaction, but is demanding, because not all metal azides are readily available and safe to work with. NH4N3
appears to be a good choice for the synthesis of binary nitrides of transition metals due to several reasons: It has a high content of nitrogen (93.3 wt. %), and it can serve as an oxidizer, so that the elemental metal can be used for the reaction. Compared with the metal azides, it is relatively safe to work with this material. The dissociation of the excess of NH4N3 may create high partial pressure of N2, which prevents the decomposition of target nitrogen-rich phases (Le Chatelier principle).
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Synthesis of ReN 2 in a multianvil apparatus Supplementary Figure 8 . Schematic drawing of high-pressure cell assembly for the multianvil synthesis of rhenium nitrides.
